As a model for T cell immigration into non-lymphoid tissue we set up an in vitro assay that would allow us to investigate the phenotype of T lymphocytes from peripheral lymph nodes (PLN), mesenteric lymph nodes (MLN) or peripheral blood (PBL) of mice, which were able to spontaneously migrate across unstimulated microvascular endothelium. The transendothelial migrating T cell population was enriched for T lymphocytes expressing a 'recently activated/ memory' phenotype: LFA-1/CD44/ICAM-1 high , but also contained CD45RB high and LFA-1 low T cells, which in the case of MLN T cells were phenotyped as CD4 ⍣ and thus characterized as naive T cells. Transmigrated T cells could be further distinguished from their original populations and from each other by their distinct but heterogeneous expression patterns for L-selectin, α4β7-integrin and PECAM-1. This observation suggests the presence of phenotypically different migratory T cells among MLN, PLN and PBL. Additional studies provided evidence that the capacity to migrate across unstimulated microvascular endothelium was a characteristic of a T cell population that could phenotypically be differentiated from activated T cells. The endothelial cells were found to play an active role in selecting the traversing T cell population, as they controlled the number and phenotype of spontaneously transmigrating T cells. Our studies suggest that the capacity to transmigrate across unstimulated microvascular endothelium and hence to immigrate into nonlymphoid tissue is owned by a phenotypically heterogeneous T cell population, which is enriched for memory T cells but not devoid of naive T cells.
Introduction
Lymphocyte trafficking throughout the body plays a major morphologically distinct high cuboidal endothelial cells, the high endothelial venules (HEV) (3) . Lymphocytes then return role in the physiology of the immune system. There is a general concept that the extent to which lymphocytes participate in to the blood via efferent lymphatics and the thoracic duct. It has become obvious that lymphocyte extravasation is a multithis process of recirculation is a function of their differentiation status and that recirculation is by no means random (1, 2) . It step process which is in large parts mediated by the specific interaction of endothelial cell adhesion molecules (CAM) appears that naive T cells selectively migrate to secondary lymphoid organs. In contrast, memory T cells that have with their lymphocytic counter-receptors (4, 5) . HEV express specific adhesion molecules that have been designated as encountered their specific antigen before seem to preferentially shuttle through non-lymphoid tissues (2) . Lymphovascular addressins. Vascular addressins selectively bind subsets of circulating lymphocytes via their so-called homing cytes circulating in the blood stream enter secondary lymphoid tissue via specialized post-capillary venules with receptors and thus mediate the first step in lymphocyte migration across the HEV wall (6) . The peripheral lymph node Methods (PLN) addressin PNAd (7) specifically targets the homing of Lymphocytes and cell lines lymphocytes into peripheral lymphoid tissue by binding to Lymph node cells were prepared from peripheral (PLN) and the peripheral homing receptor L-selectin expressed on circumesenteric lymph nodes (MLN) of BALB/c and SJL/J mice. lating lymphocytes (8) . HEV in mucosa-associated lymph Cells from 20 mice were pooled for each experiment. Lymph nodes specifically express the mucosal addressin MAdCAMnodes were collected in HBSS, minced and filtered through 1 which targets the homing of another lymphocyte subset, 100 µm nylon mesh to obtain a single-cell suspension. Erythrowhich expresses the mucosal homing receptor α4β7-integrin, cytes were lysed by Tris-buffered ammonium chloride (0.16 into mucosal lymphoid tissue (9, 10) .
M NH 4 Cl and 1.6% Tris buffer, 9:1 v/v for 5 min at 37°C, pH There is evidence that at least during inflammation certain 7.4). Peripheral blood lymphocytes (PBL) were isolated from endothelial adhesion molecules may also serve as specific fresh blood via Ficoll-gradient (d ϭ 1.077 g/cm 3 ; Sigma, addressins on post-capillary venules in non-lymphoid tissue Aidenbach, Germany). Lymphocytes were cultured overnight and may mediate the recruitment of distinct lymphocyte in RPMI supplemented with 10,000 U/ml penicillin-streptomysubsets into certain inflamed tissue sites (11, 12) . However, cin, 1% sodium pyruvate, 1% non-essential amino acids, 2% preferential expression of adhesion molecules does not auto-L-glutamine and 10% FCS (all additives from PAN-Systems, matically lead to tissue-specific migration (13). Additional Deisenhofen, Germany). The non-adherent cells were used adhesive interactions between endothelial cells and circulatfor the transmigration assays. The murine T lymphoma cell ing lymphocytes must therefore be involved in lymphocyte line TK-1 expressing α4β7-but not α4β1-integrin was cultured recruitment into peripheral tissue. There are accumulating in RPMI/10% FCS (15). Antigen-specific T cell lines were data that lymphocytes present at sites of chronic inflammation obtained from PLN of immunized SJL/J mice. Those T line cells are predominantly of the memory type as characterized by were propagated in IL-2-containing medium and regularly retheir expression of CD45R isoforms and their high expression stimulated with their specific antigen in the presence of of CD44, LFA-1 and ICAM-1 independent of the tissue involved irradiated syngeneic antigen-presenting cells (16). (1, 13) . This has been taken as evidence that memory T cells Endothelial cells acquire an intrinsic migratory capacity to migrate into nonlymphoid organs (14). Therefore, memory T cells have also The brain-derived endothelioma cell line bEnd5 has been been considered to be the major lymphocyte population established by W. Risau and S. Witzigmann-Voos in our which routinely migrates through uninflamed non-lymphoid department by transformation of primary brain endothelial tissue in order to perform their immune patrol. The accumulacell cultures from BALB/c mice with the polyoma middle T tion of memory T cells at these sites has been assigned to oncogene (17). bEnd5 were cultured in DMEM/10% FCS supplemented with 1% L-glutamine, 1% non-essential amino their intrinsic migratory capacity. The evidence, however, acids, 1% sodium-pyruvate and 10,000 U/ml penicillinremained indirect, because local differentiation, proliferation streptomycin. bEnd5 have been used from passages 9 to 20 or retention of T cell subsets within the tissue was not for transmigration assays. extensively addressed in these studies (13, 14) .
In order to circumvent the shortcomings of the in vivo mAb studies, we characterized the phenotype of T lymphocytes,
The following hybridomas (mAb) were obtained from ATCC which are able to spontaneously migrate across a monolayer (Rockville, MD): GK1.5 (anti-CD4, rat IgG2b), Lyt 2 (anti-CD8, of non-stimulated microvascular endothelial cells in vitro. To rat IgG2a), FD441.8 (anti-CD11a, rat IgG2b), KM201 (antifurther delineate whether a transmigratory capacity is an CD44) and PS/2 (anti-α4-integrin, rat IgG2b), 23G2 (antiintrinsic characteristic of a phenotypically defined T cell CD45RB, rat IgG2a). mAb 30G.12 (anti-CD45, rat IgG2a), the population or, rather, whether a distinct phenotype is induced FITC-conjugated 30H12 (anti-Thy-1.2, rat IgG2b), CyChromeduring transmigration, we also compared the phenotype of conjugated GK1.5 (anti-CD4, rat IgG2b), CyChrometransmigrated T cells to that of adherent and activated T conjugated Lyt2 (anti-CD8, rat IgG2a) and RB6-8C5 (anticells derived from the same populations. Furthermore, we Gr-1, rat IgG2b) were obtained from PharMingen. The investigated if changes of the homogeneous phenotypes of hybridomas Mel-14 (anti-L-selectin, rat IgG2a; 7), Fib 30.1.1 antigen-specific T cell lines and T lymphoma cell lines could (anti-β7-integrin, rat IgG2a; 18) and 9B5 or Hermes-1 (antibe observed after transendothelial migration. In order to human-CD44, rat IgG2a; 19) used as isotype control were a define the specific role of the endothelial cells in spontaneous kind gift of Dr E. Butcher (Stanford, CA). 25ZC7 (anti-ICAM-T cell transmigration we compared the phenotype of T cells 1, rat IgG2a) was kindly provided by Dr D. Vestweber (Mü nster, having transmigrated through the endothelial monolayer to Germany). that of T lymphocytes having passed through filters lacking Transmigration assay endothelial cells.
Our investigation clearly demonstrates that a phenotypically Transmigration assays were performed using 6.5 mm Transdistinct but heterogenous T cell population containing both, wells with a 5 µm pore size (Costar, Bodenheim, Germany). memory and naive T cells, is able to spontaneously migrate Inserts were coated with laminin (Sigma, or Boehringer across a monolayer of unstimulated endothelial cells, and Mannheim, Mannheim, Germany; 50 µg/ml) for 30 min. bEnd5 that the endothelial cells actively control the number and were seeded at 5ϫ10 4 cells/insert. In order to circumvent that bEnd5 rather than forming a monolayer on top of the filter phenotype of transmigrating T cells. staining and FACS analysis, all cells from the lower compartments were collected. The inserts were washed twice in PBS and fixed in a formalin-saturated chamber for 2 h. In some cases the phenotype of adherent cells was also investigated. After washing in PBS to remove the non-bound cells, the filters were washed a second time more vigorously in 5 mM EDTA in PBS prior to fixation. Cells recovered in the EDTA washing step were considered as the adherent cell population. Fixed inserts were stained in 2.6% Giemsa solution for 10 min, air-dried and mounted on glass slides in order to confirm the confluency of the endothelial monolayer of each filter after the assay.
Flow cytometry
Cell populations (5ϫ10 4 to 1ϫ10 6 cells/sample) were incubated with primary rat mAb, washed twice with FACS buffer (PBS supplemented with 1% BSA and 0.1% NaN 3 ), incubated with a Phycoerythrin-conjugated goat anti-rat IgG F(abЈ) 2 (Tago, Burlingame, CA), washed twice with FACS buffer, blocked with 5% normal rat serum in FACS buffer (5 min) and then incubated with FITC-conjugated rat anti-mouse mAb. In case of three-color analysis the CyChrome-conjugated rat were either analysed immediately or fixed in 1% paraformaldehyde in PBS and stored at 4°C for later analysis. Flow cytometry analysis was performed on a FACScan using Lysys II or CellQuest software (Becton Dickinson, Heidelberg, send out sprouts through the pores of the filter, they were Germany). For analysis, light scatter gates were drawn around seeded on Transwell filters 2 days prior to the assay and lymphocytes if not differently indicated. The quantitation of grown without medium in the lower compartment for 48 h in stained populations (i.e. placement of markers and quadrants) a humidified atmosphere (37°C, 10% CO 2 ; Fig. 1; 20) . This was based on samples stained with isotype-matched control time period had been determined to be necessary for bEnd5
antibodies. cells to form confluent monolayers on these inserts. At the Lymphocyte stimulation beginning of the transmigration assay 600 µl migration assay medium (DMEM ϩ /5% FCS or 5% BSA/2% L-glutamine/25 mM Phorbol ester stimulation was carried out with phorbol-12-HEPES) was added to the lower compartment of the Transwell myristate-13-acetate (PMA; 10 or 100 ng/10 7 cells/ml) for 4 h system. Lymphocytes (1ϫ10 6 ) were added to the upper at 37°C. Stimulation of lymphocytes with the T cell mitogen compartment on top of the endothelial monolayer in 100 µl.
concanavalin A (Con A) was carried out for 4 and 24 h at This amount was chosen because addition of higher cell 37°C (0.25 µg/ml). Cells were washed twice in RPMI and numbers did not result in a significant increase in the number immediately used for FACS analysis. of transmigrated cells and lower cell numbers resulted in a Statistical analysis lower yield in the lower compartments. Assays were run for 4 h at 37°C at 10% CO 2. Although the number of migrated All experiments were performed at least with n ϭ 5 except cells recovered from the lower compartment was still increasthose with TK-1 (n ϭ 6) and PLN (n ϭ 8). Student's t-test was ing after 4 h we chose to study the 4 h timepoint for two used to evaluate significant differences (P Ͻ 0.05) between reasons. First of all, we wanted to be sure that the amount of cells before and after transmigration. cells collected from the lower compartment was solely due to transmigration and not apparently increased due to cell Results division. In fact, a significant increase in cell number from 1ϫ10 6 to 1.2ϫ10 6 Ϯ 0.1ϫ10 6 could already be noted after 6 Characterization of the endothelioma cell line bEnd5 h (n ϭ 12). The second reason was that the 4 h timepoint was the earliest and thus most physiological timepoint of
The endothelioma cell line bEnd5 has been derived from primary brain microvascular endothelial cell cultures by transmigration that would yield enough cells for phenotypic characterization of the transmigrated cell population. Thus immortalization with the polyoma middle T oncogene (17). Although loosing their brain-specific characteristics, bEnd5 inserts were removed after 4 h and 500 µl of the lower compartment was collected in order to determine the number retain endothelial morphology and their expression of von Willebrand factor. Additionally, the surface expression of of transmigrated lymphocytes. In order to characterize the phenotype of transmigrated cells by immunofluorescence CD34, ICAM-2, CD31, endoglin and the endothelial-specific MECA-32 antigen characterizes them as endothelial cells migrating across a bEnd5 monolayer when compared at (Fig. 2) . Unstimulated bEnd5 constitutively express ICAM-1 the same timepoints (Fig. 4) . The unstimulated endothelial but not VCAM-1, E-selectin or P-selectin on their surface monolayer but not the presence of extracellular matrix proteins (Fig. 2) . They are negative for the mucosal addressin MAdsuch as laminin, fibronectin or collagen (data not shown) CAM-1 or the PLN addressin PNAd and therefore differ in provided a barrier for spontaneous T cell transmigration. phenotype from HEV of lymph nodes. Taken together the bEnd5 endothelioma cells are representative for microPhenotypic characterization of the transmigrated cells vascular endothelium of non-lymphoid tissue. On lamininOur further studies focused on the characterization of the coated Transwell filters bEnd5 reproducibly formed confluent phenotype of T lymphocytes that spontaneously migrated monolayers on top of the Transwell filters without endothelial across a monolayer of unstimulated bEnd5. Thy-1.2 ϩ T cells sprouts plugging the pores (Fig. 3) .
derived from either PLN or MLN or from peripheral blood were analysed before and after transmigration using doubleTime course of lymphocyte migration across the bEnd5 immunofluorescence staining. Quantitative analysis was permonolayer formed by FACS analysis. The proportion of Thy-1.2 ϩ T cells At the beginning of the assay 1ϫ10 6 lymph node cells were within the lymphocyte gate seemed to be slightly reduced in added to the upper compartment of the Transwell system the transmigrated populations. Their percentage dropped ( Fig. 1 ). Transmigrated cells were collected from the lower from 77 to 60% in PBL, from 73 to 68% in PLN and from 70 compartment after 1, 2, 4 and 6 h incubation time. After 4 h, to 64% in MLN (n ϭ 5). However, none of these differences 4% of applied cells had spontaneously migrated through a showed statistical significance (P Ͼ 0.05). monolayer of unstimulated bEnd5 cells (Fig. 4) . There was no Transmigrated T lymphocytes showed an enrichment for a significant difference in the number of cells migrating through population with the phenotype of 'recently activated/memory' a bEnd5 monolayer between different sources (MLN or PLN).
T cells expressing high levels of LFA-1, ICAM-1 and CD44. Quite interestingly, when using phenotypically homogenous When comparing the phenotype of Thy-1.2 ϩ T cells before antigen-specific T cell lines or T lymphoma cell lines, some and after transmigration more closely we noted two different of them showed a low transmigratory capacity of only 5-8% characteristic types of changes in their expression of surface of the added cells in the 4 h time period whereas others molecules. The surface expression of both CD44 and ICAMshowed a higher percentage (10-20%) of transendothelial 1 seemed to be generally increased on the entire T cell migration, suggesting that the percentage of transmigrating population after transendothelial migration, which was estabcells is an intrinsic capacity of certain T cells. This is further lished by a homogeneous shift of the CD44 and ICAM-1 substantiated by the observation that transmigrated cells expression to higher fluorescence intensity values on the generally showed an increased migratory capacity when entire T cell population ( Fig. 5 and Table 2 ). Up-regulation of their re-migration across unstimulated bEnd5 monolayers was ICAM-1 and CD44 on the surface of at least some transmigratstudied ( Table 1 ). Besides that, the endothelial cells actively ory T cells was also suggested by their expression of higher controlled the number of transmigrating cells. This is documean fluorescence intensities (MFI) for ICAM-1 and CD44 mented by the fact that the amount of cells spontaneously than present on any T cell in the original population (Fig. 5 ). migrating through either 'naked' or laminin-coated Transwell
The higher fluorescence values were not due to a change in filters was much higher-especially in the case of MLN and T cell lines-than the number of cells capable of spontaneously size of the T lymphocytes as confirmed by the lack of Fig. 5 ). There were no show that bEnd5 form a monolayer and do not penetrate the filter.
T lymphocytes expressing higher amounts of LFA-1 than
The schematic drawing to the right points out the levels of the taken photographs.
observed on T cells before transmigration. When closely comparing the LFA-1 high and LFA-1 medium T cell subpopulations within markers adjusted to characterize the fluorescence intensities of only one subpopulation (i.e. of one single fluorescence intensity peak; Fig. 5 ), we noted no change in MFI detectable size changes in the forward scatter versus sideward scatter profiles of both populations (data not shown).
when comparing the T cell population before and after transendothelial migration. However, whereas before transThe MFI values (each corrected for the MFI values of the isotype-matched control) for ICAM-1 and CD44 of at least endothelial migration a minority of T cells were LFA-1 high , the transmigrated T cell population consisted of~50% of LFAfive experiments for each population were compared by statistical analysis using the Student's t-test (Table 2 ). Whereas 1 high T cells, suggesting an increased migratory capacity of LFA-1 high versus LFA-1 low T cells (Table 3) . the apparent increase in expression of ICAM-1 was significant in all investigated populations the apparent up-regulation of To further characterize the phenotype of the in vitro transmigrated T lymphocytes we investigated their expression of CD44 was only significant on T cells derived from the lymph nodes. It should be noted that the expression of both ICAMthe PLN homing receptor L-selectin and the MLN homing receptor α4β7-integrin. 1 and CD44 was generally higher on PBL T cells compared to T cells derived from MLN or PLN.
In all three investigated populations we noted L-selectin high and L-selectin low/-T lymphocytes ( Fig. 6 and Table 3 ). The MFI A different pattern of surface expression was noted for LFA-1 (CD11a), usually expressed at high levels by 'activated/ of L-selectin high and L-selectin low/-T lymphocytes remained unchanged when compared on T cells before and after memory' T cells. Whereas LFA-1 seemed to be expressed at a medium intensity by the majority of T cells before transmigration. However, the proportion of L-selectin low T cells was increased in the transmigrated T cell populations when transendothelial migration, there were two equally large T Table 2 . Note, there is no shift in LFA-1 expression. Rather, an increase in the percentage of LFA-1 high T cells was noted after transmigration. For exact values obtained by analysing regions M1 and M2 see Table 3 . Tables 2 and 3. compared to the starting population ( Table 3) . As there was from either PLN or PBL could be divided into three subpopulations depending on the intensity of their β7-integrin expression. no shift in the MFI within the L-selectin low and L-selectin high subpopulations before and after transendothelial migration we After transendothelial migration PBL T cells or PLN T cells were enriched for both β7 high and β7 low T lymphocyte populainterpret these data such that L-selectin low T cells preferentially migrate across unstimulated bEnd5 monolayers. This was tions ( Fig. 6 and Table 3 ). Taken together, there seemed to be an increased migratory capacity of those T cells expressing further substantiated by our observation that low expression levels of L-selectin on T cell populations caused by downeither high or low amounts of β7-integrin, as already observed for α4-integrin (Table 3) . regulation upon activation within a 4 h time period were distinguishable from those observed in the transmigrating T Since it has been shown that CD31/PECAM-1 plays an important role in the transmigration of leukocytes across the cell population (see below).
When investigating the expression of α4-and β7-integrin vessel wall (21), the expression of CD31/PECAM-1 has been included in our study. CD31/PECAM-1 expression remained on T cells after transendothelial migration we noted different changes dependent on the origin of the T lymphocytes. MLN unchanged on T lymphocytes derived from both MLN and PLN when compared before and after transmigration (see T lymphocytes showed an apparent increase in α4-integrin expression after transendothelial migration with MFI values below, Fig. 9 ). However, a small subpopulation of CD31/ PECAM-1 -T cells present among PBL increased from 3% shifting from 80.5 Ϯ 29.7 to 141 Ϯ 45.4 (n ϭ 6; Fig. 6 ), which, however, did not prove to be statistically significant. before transmigration to 25% after transmigration ( Fig. 7 and Table 3 ). This suggests the presence of a distinct CD31/ T lymphocytes derived from PLN exhibited an increased percentage of α4-integrin low/-T cells in the transmigrated T PECAM-1 -migratory T cell subpopulation among PBL T cells, which is absent in PLN and MLN. cell population (Fig. 6 and Table 3 ), whereas transmigrated PBL T cells were enriched for both α4-integrin high and α4-It should also be mentioned that the heterogeneous expression levels of L-selectin, CD31 and α4β7-integrin were a integrin low T cells (Fig. 6 and Table 3 ). Thus, T cells spontaneously migrating across a bEnd5 monolayer seemed characteristic of the investigated T cell populations as the Thy-1.2 -cells showed a homogenous expression of these to be enriched for either high or low expression of α4-integrin.
adhesion molecules, which furthermore did not change upon transendothelial migration (Fig. 8 and data not shown) . The In parallel to the increase in α4-integrin expression on transmigrating T lymphocytes derived from MLN we observed observed correlation of distinct phenotypes with a transendothelial migratory capacity therefore seems to be a T cellan enrichment for β7-integrin high T lymphocytes in the transmigrated T cell population (Fig. 6 and Table 3 ). T lymphocytes specific phenomenon.
( Table 4 ). For PBL T lymphocytes this ratio dramatically changed after transendothelial migration to~1:1. Although the decrease of CD4 ϩ and the increase of CD8 ϩ T cells in the transmigrated populations was significant among all three cell types tested, the major difference was detected among PBL T lymphocytes. As we did not observe a significant change in CD4 or CD8 expression when studying the transmigration of phenotypically homogenous T cell lines (see below, Fig. 11 ) or the activation of T cells (see below), this suggested a preferential spontaneous migration of CD8 ϩ T cells across the endothelial monolayer. MLN T cell subpopulations showed an apparent up-regulation of CD44 and ICAM-1 on the transmigrated population as has been observed for the entire transmigrating T cell populations ( Fig. 9a and b, and Table 5 ). The apparent up-regulation of CD44 on CD4 ϩ MLN T cells from a MFI of 160.2 Ϯ 46.7 before to 372.3 Ϯ 159.9 after transendothelial migration was, however, not statistically significant. When comparing the expression of LFA-1 on the CD4 ϩ versus the CD8 ϩ MLN T cell subpopulations before and after transendothelial migration, CD4 ϩ MLN T cells showed a preferential migration of LFA-1 high versus LFA-1 low cells without any detectable shift in expression levels within the two subpopulations as has been observed for the entire migrating T cell population ( Fig. 9 and Table 6 ). In contrast, CD8 ϩ MLN T cells showed a homogenously high expression of LFA-1 before migration which, after transendothelial migration, showed an apparent, however statistically not significant, up-regulation from MFI of 2131.1 Ϯ 1093.3 before to 2783.7 Ϯ 862.79 afterwards. Furthermore, the investigation of the expression of CD45RB was included into the study, as CD45RB is considered to be the most reliable memory cell marker at least for CD4 ϩ T cells in the mouse (22). Comparison of CD45RB expression on CD4 ϩ MLN T cells before and after transendothelial migration did not reveal any significant differences. CD45RB low (memory T cells) and CD45RB high (naive T cells) CD4 ϩ T cells were present in the same amounts in the transmigrated T cell population compared to the original T cell population (ratio of CD45RB high before: after transendothelial migration ϭ 41.5 Ϯ 11.1:56.6 Ϯ 8.9), suggesting that both naive and memory CD4 ϩ MLN T cell share the capacity to spontaneously traverse the endothelial monolayer (Fig. 9a) . In contrast, CD8 ϩ MLN T cells were mostly CD45RB high and showed a dramatic enrichment of T cells with extremely high levels of CD45RB expression in the migratory population ( Fig. 9b and Table 6 ). T cell population seemed to be mostly due to the migrating CD4 ϩ T cells as they showed very similar phenotypic differences before and after transmigration as observed for the entire T cell population (Figs 9 and 6, and Table 6 ). On Migration of CD4 ϩ T cells versus CD8 ϩ T cells CD8 ϩ MLN T cells, however, expression of α4β7 remained unchanged when compared before and after transmigration. The ratio between CD4 and CD8 T lymphocytes was about 4:1 for PBL, MLN and PLN before transendothelial migration Besides that, in contrast to the CD4 ϩ T cell population, the CD8 ϩ MLN T cells showed an enrichment of L-selectin high T cell lines and the antigen-specific T cell lines express a T memory phenotype with high amounts of CD44 and LFA-1, T cells in the migratory population ( Fig. 9 and Table 6 ). Finally, there was no detectable difference in the expression of CD31/ and some of them are positive for ICAM-1. Their distinct expression patterns for α4-and β7-integrin, CD31/PECAM-1 PECAM-1 between CD4 ϩ and CD8 ϩ MLN T cells, and its expression was unchanged upon transendothelial migration.
and CD4 or CD8 did not change during transmigration (Fig.  11 ). However, a slight increase in expression of CD44 was Adhesion and activation versus transmigration noted upon transmigration of the TK1 T lymphoma cell line (Fig. 11a) . A possible change of L-selectin expression could In order to rule out the possibility that the changes of T lymphocyte phenotypes described above were merely due not be studied as all investigated, migratory T cell lines do not express L-selectin (Fig. 11b ). to T cell activation upon endothelial adhesion, we investigated the phenotypes of lymphocytes that had attached to the Migratory population surface of the endothelial monolayer and additionally compared the phenotypes of PBL, MLN and PLN before and after
In order to determine whether the endothelial cells besides controlling the number of transmigrating cells have an influ-4 h of stimulation with either PMA or the T cell mitogen Con A. Adherent T cells did not display a different phenotype ence on the subpopulation of T cells which is capable to migrate across the filter, we compared the phenotype of T compared to the original population (data not shown). When comparing the phenotypes of PMA-or Con-A-stimulated cells having migrated through either 'naked' filters or filters coated with laminin with those having traversed the endothelial T cells with untreated T cells we observed changes that were clearly distinguishable from those observed after transmonolayer. MLN or PLN T cells having passed through 'naked' filters or laminin-coated filters were mostly indistinguishable endothelial migration. We did not see any change of the expression of CD44 on T lymphocytes derived from either from the T cell population before transendothelial migration. T lymphocytes derived from PBL exhibited similar phenotypic PBL or lymph nodes ( Fig. 10 and data not shown) . The expression of ICAM-1 and sometimes LFA-1 were slightly upchanges regarding their expression of CD44, ICAM-1 and LFA-1, irrespective of their migration across 'naked' filters or regulated on MLN and PLN but not on PBL (Fig. 10 and data not shown). The expression of α4-and β7-integrin on across the endothelial monolayer (statistically not significant; n ϭ 4). However, the T cell populations having transmigrated T lymphocytes seemed to be slightly decreased after stimulation with PMA (n ϭ 5, no statistical significance; Fig. 10 ).
through the filter could not be distinguished from their original source by means of their expression of L-selectin or α4β7-However, this was due to a homogeneous shift of expression rather than an increase in a certain subpopulation as seen integrin (n ϭ 4) as could the T cells having traversed the endothelial monolayer. In summary, bEnd5 actively control after transmigration. Regarding L-selectin, there was a general homogenous down-regulation of L-selectin expression on all the number and phenotype of traversing T cells. T cells upon PMA-and Con A-stimulation, such that the L-selectin expression levels were distinguishable from the Discussion bimodal L-selectin expression of the migrating T cell populations (Figs 6, 9 and 10). We noted a slight decrease in
The purpose of this study was to characterize the phenotype of T lymphocytes, which are able to traverse the vascular wall CD31 expression on all investigated T cell populations upon stimulation. There was, however, no loss of expression to the of non-lymphoid tissue in order to perform immunosurveillance. Using the endothelioma cell line bEnd5 as a low values seen on transmigrated T cells derived from PBL (Fig. 7) . Thus, the phenotype of T cell populations after model for microvascular endothelium of peripheral organs, we established an in vitro transmigration assay to study the spontaneous transmigration across bEnd5 monolayers can be distinguished from that of activated T cells and can rather phenotype of T cells derived from PBL, MLN and PLN of mice, which are able to spontaneously migrate across be regarded as a characteristic phenotype of the migratory T cell populations. microvascular endothelium in non-lymphoid organs. T cell populations which spontaneously migrated across a monoFurther evidence is provided by the lack of a phenotypic change on phenotypically homogeneous murine T lymphoma layer of unstimulated bEnd5 without added chemotactic stimuli were enriched for 'recently activated/memory' cell lines with defined migratory behaviour in vivo (15; Fig. 11a ) or on long-term antigen-specific T cell lines (Fig. 11b) when T lymphocytes: LFA-1/ICAM-1/CD44 high (1,2,22), irrespective of their source. However, the transmigratory population also comparing it before and after transmigration. Both the tumor data we question the general concept that only activated/ memory T cells are able to traverse microvascular endothelium Depending on their origin, the migratory T cell populations could be distinguished by their composition of T cell subsets of non-lymphoid organs. Different migratory routes have been proposed for naive characterized by different expression levels of α4-integrin, β7-integrin, L-selectin and CD31. Additionally, the endothelium and memory T cells as a means of optimizing their efficiency to encounter their specific antigens, mostly based on in vivo T cells are thought to selectively migrate across non-lymphoid endothelium preferentially into tissues, where they encounstudies (1, 2, 23) . Naive T cells are thought to selectively migrate through HEV into the lymphatic tissue, where they tered their antigen before (23) (24) (25) (26) (27) (28) . All of these studies did not exactly analyse the preferential immigration of T cell encounter a big variety of different antigens, whereas memory subsets into different tissues, but rather analysed the emigraAfter 4 h,~5% of cells of the lymphocyte populations had spontaneously migrated across the endothelial monolayer tion of lymphocytes, not ruling out the possible activation of T cells or differences in their retention or proliferation within provided by bEnd5 irrespective of their source. The percentage of transmigrating cells is consistent with findings by others the tissue. As analysing the phenotype of T cells which migrate into tissue in vivo is difficult, we chose to set up an investigating the transmigration of PLN across stimulated microvascular endothelium in vitro (29, 30 ), but at the same in vitro transmigration assay to study the phenotype of T cells which are able to cross flat non-HEV endothelium as a model time in contrast to investigations studying the transmigration of PBL T lymphocytes across monolayers of endothelium for T cell immigration into non-lymphoid organs in vivo. derived from larger vessels (31-34). Whether the observed migratory capacity of human PBL CD8 ϩ T cells compared to CD4 ϩ T cells across HUVEC. In vivo, an enrichment of CD8 ϩ percentage of transmigrating cells, therefore, reflects the true amount of cells present in the studied population, which cells in peripheral tissue, however, is rarely seen, which might be explained by previous observations that CD8 ϩ T cells are were able to routinely traverse the endothelial wall of the microvasculature in non-lymphoid tissue in vivo, needs to be not retained within tissues as effectively as CD4 ϩ T cells are and therefore might leave the tissue site at a faster speed determined. Phenotypically homogenous T cell-or T lymphoma-cell lines demonstrated different percentages than CD4 ϩ T cells (35) . Irrespective of their source, the T lymphocytes migrating (5-25%) of transmigration, which was characteristic for each cell line. The transmigratory capacity of different T cell populaacross unstimulated endothelium in vitro were enriched for T cells with a phenotype of 'recently activated/memory' cells. tions therefore seems to be due to an intrinsic characteristic of these T cells. This is in accordance to previous findings
The transendothelial migration of memory T cells is in agreement with the current concept of their preferential migration by Oppenheimer-Marks and colleagues (31-34), investigating the transendothelial migration of human PBL across human into non-lymphoid organs (1, 2, 14) and with previous studies where under different circumstances memory T cells have umbilical vein endothelial cells (HUVEC) and further substantiated by our own observations that those T cells which been reported to preferentially migrate across endothelial monolayers in vitro (31) (32) (33) (34) . The transmigratory T cells were were collected after transendothelial migration showed a dramatically increased capacity of spontaneous transenriched for T cells expressing high amounts of LFA-1 and ICAM-1. Additionally they showed high expression of endothelial migration.
When investigating the transmigration of T cells in mixed CD44, which unlike ICAM-1 and LFA-1, however, is not considered as a reliable marker for naive or memory T cells lymphocyte populations we noted a change in the ratio of CD4:CD8 T cells towards a higher ratio of CD8 ϩ T cells in the BALB/c mouse. All three molecules have been shown to have an important functional role in the interaction of present after transendothelial migration, which was most pronounced among PBL but also noted for the MLN and PLN T cells with endothelium, which might explain the preferential migration of T cells expressing high levels of ICAM-1, LFA-1 T cells. The increase of CD8 ϩ T cells in the lower compartment seems to be due to a higher intrinsic migratory capacity of and CD44 (14, 32). In contrast to LFA-1, ICAM-1 and CD44 seemed to be up-regulated on transmigratory T cells com-CD8 ϩ T cells compared to CD4 ϩ T cells and was not influenced by the presence of bEnd5, as when investigatpared to their original populations. The importance for the apparent up-regulation of ICAM-1 and CD44 for successful ing the migration of lymphocytes across filters without endothelium we also noted a slight increase of CD8 ϩ T cells in the transendothelial migration of T lymphocytes needs to be further investigated. migratory population. Our data parallel observations made by Pietschman et al. (31) , who demonstrated an increased
The transendothelial migratory T cell populations in our assay system also contained up to 50% of T lymphocytes, α4β7-integrin high T cells derived from MLN. This is consistent with observations made in man, where similar to the observawhich did not fulfill all the phenotypic criteria applied to memory T cells such as low expression of CD45RB or high tions made for L-selectin, it was shown that the expression of α4β7-integrin becomes bimodal on T cells upon transition expression of LFA-1 and should rather be considered as naive T cells. Separate analysis of the phenotype of CD4 ϩ from virgin to memory with T cells draining through PLN expressing low amounts of α4β7, whereas α4β7 high T cells versus CD8 ϩ migratory MLN T cells provided clear evidence that at least the transmigratory CD4 ϩ MLN T cell population are a characteristic of gut-tropic T lymphocytes (43). In our hands PBL T cells showed an enrichment for α4-integrin high contained up to 50% CD45RB high T cells, a phenotype that is considered the most characteristic marker for naive CD4 ϩ but in parallel for β7-integrin low T cells in the migratory population, suggesting that most transmigrating T cells pre-T cells in the mouse to date (22). Transmigration of naive CD4 ϩ MLN T cells is further supported by the presence of LFAsent in the peripheral blood express α4β1 rather than α4β7. It is unlikely that α4β7 plays an active role as an adhesive 1 low CD4 ϩ T cells in the migratory population. The migratory population of CD8 ϩ MLN T cells was enriched for ICAM-1/ receptor in the transmigration of T cells across unstimulated bEnd5 as they do not express the α4β7 ligands MAdCAM-1 CD44/LFA-1/CD45RB/L-selectin high T cells. The phenotypic characteristics of naive versus memory CD8 ϩ T cells are less and VCAM-1. When investigating CD31/PECAM-1, a molecule that has well defined in mice. High expression of CD45RB and L-selectin has been shown to correlate with a naive phenotype been shown to play a crucial role in transendothelial migration of different leukocyte populations (21,44), we noted an enrichof CD8 ϩ T cells in some studies (36) and to characterize long-term CD8 ϩ memory T cells in other studies (37, 38, 39) . ment of CD31 -T cells among the migratory T cell population derived from PBL. CD31 expression remained unchanged in Therefore, although there is general agreement that upregulated levels of CD44 seem to characterize an activated/ MLN and PLN. In man, expression of CD31 has been reported mainly on CD8 ϩ T cells and naive CD4 ϩ T cells (45) . CD31 -memory stage of CD8 ϩ T cells (36, 38) , the transmigratory CD8 ϩ MLN T cells in our assay cannot unequivocally be CD4 ϩ and CD31 -CD45RO ϩ T cell populations among human PBL have been reported to preferentially migrate across identified as memory or naive CD8 ϩ T cell population. However, our observation that naive CD4 ϩ MLN T cells spontan-HUVEC in vitro (33, 46) . We conclude that as previously shown in man there is a subset of CD31 low T cells among murine eously migrate across a bEnd5 monolayer is in contrast to the current concept that only memory T cells have the capacity PBL with a high intrinsic capacity to migrate across bEnd5 and thus that CD31/PECAM-1 is not a prerequisite for successful to spontaneously migrate across non-lymphoid endothelium.
The presence of phenotypically heterogenous T cell populatransendothelial migration of T cells across the bEnd5 monolayer. tions among the transmigratory population was specific for Thy-1.2 ϩ T cells and was further substantiated when regarding
In order to find out whether the characteristic phenotype of the transendothelial migrating T cells was merely due to the expression of the homing receptors L-selectin and α4β7-integrin. All three migratory T cell populations investigated in general T cell activation upon interaction with the endothelium, we also investigated the phenotypic change of T cells after this study showed an enrichment of L-selectin -T cells compared to the original population. In man homogenous expresadhesion to bEnd5 and after stimulation with phorbol esters or T cell mitogens. Activation of T cells has been reported to sion of L-selectin has been demonstrated to become bimodal on T lymphocytes during their transition from virgin T cells to be a prerequisite for the transmigration of lymphocytes across non-stimulated HUVEC in vitro (47) . In contrast to this study, memory T cells with a skin-tropic T memory population expressing high amounts of L-selectin and a gut tropicwe could not detect significant phenotypic changes of T cells solely after adhesion to bEnd5, when compared to the original population expressing low to no L-selectin (40, 41) . Absence of L-selectin on transmigratory T cells did not seem to be due population. The phenotype of activated T cells induced within 4 h of stimulation was clearly distinguishable from the phenoto its down-regulation upon T cell interaction with endothelial cells or due to the activation of T cells, as the phenotype of type of T cells after transendothelial migration. Additionally, comparison of the homogenous phenotype of memory T cell adherent T lymphocytes or PMA activated T lymphocytes could easily be distinguished from the L-selectin low phenotype lines before and after transmigration revealed no evidence for a change of the expression levels of the investigated of transmigrated T cells, which at least in the case of MLN T cells consisted mainly of CD4 ϩ T cells. Furthermore, a loss molecules upon interaction with the endothelium with exception to ICAM-1 and CD44. These observations suggest that of L-selectin during transendothelial migration due to its adhesive interaction with endothelial ligands is unlikely, as we at least in our assay system general T cell activation is not a prerequisite for successful transendothelial migration of could not demonstrate any L-selectin-dependent lymphocyteendothelial interaction in our assay system when performing T lymphocytes. However, we do not completely rule out the possibility that transendothelial migration can lead to a mAb inhibition studies. Additionally, it has been shown very recently that L-selectin mediated interactions can only take certain level of T lymphocyte activation, especially as the transmigrated T cell population seemed to express higher place under shear (42).
α4β7-Integrin on lymphocytes serves as the mucosal levels of the IL-2 receptor. Finally, the exact role of the endothelial cells for successful homing receptor via adhesion to the mucosal addressin MAdCAM-1, which is expressed on HEV in mucosal-associ-T cell transmigration will have to be considered in more detail, as our data clearly demonstrated an active role for the ated lymphatic tissue (9) . We observed an enrichment of α4β7-integrin low T cells among the transendothelial migrating endothelium in determining the number and also choosing the phenotype of transmigrating T cells. T cells derived from PLN and an enrichment for 
